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I examine the properties of 11Li and the low-lying resonances in 10Li, as they relate to neutron 
removal from 11Li. Comparison with results from a recent 11Li(p, d) reaction strongly suggests that that 
experiment observed only the 2+ resonance, and not the 1+.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The nucleus 10Li has no bound states. Various shell-model cal-
culations, totally within the p shell, predict two low-lying un-
bound states, with Jπ = 1+ and 2+, with the latter generally being 
0.65–1.2 MeV above the former. The latest compilation [1], after 
reviewing all the evidence available at that time, concluded that a 
resonance at Er = 0.24(4) MeV is probably the 1+ state. The gen-
eral consensus is that the ground state (g.s.) should consist of the 
3/2− g.s. of 9Li plus a 2s1/2 neutron, thus having Jπ = 2− or 1− . 
The compilers conclude it has an energy of 0.025(15) MeV, with a 
width of 230(60) keV. Most calculations agree that the 2− will be 
below 1− , and that 1+ will be below 2+. Some predictions [2–5]
are listed in Table 1. Blanchon, et al. [6] predicted the p1/2 cen-
troid at 0.595 MeV.
With the advent of radioactive beams, several types of trans-
fer reactions can be investigated, in reverse kinematics. All four 
of these expected low-lying resonances in 10Li should be reach-
able in the reaction 9Li(d, p). Of course, the s-wave resonances 
may be too wide to be easily observed. The 1+ and 2+ will be 
considerably narrower and thus easier to see. The result of one 
such experiment [7] was ambiguous: either a single resonance at 
Er = 0.35(11) MeV, with a width <0.32 MeV, or two resonances 
one at Er = 0.77(24) MeV, with width <0.62 MeV, and the other 
at Er < 0.2 MeV. A different experiment found a single p-wave 
resonance at Er = 0.50(6) MeV, with a width of 400(60) keV [8]. 
They also observed an excess of strength at lower energy, but were 
unable to attribute those events to a state. A fragmentation exper-
iment [9] reported evidence of s-wave strength at Er < 50 keV. 
Several experimental results [7–13] are summarized in Table 2. 
A more complete history is presented in Ref. [14].
Here, I focus on a different reaction, viz. neutron pickup from 
11Li—for which results have been recently reported [14]. The g.s. 
of 11Li was the ﬁrst example of a so-called “halo” nucleus. Its 
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Theoretical predictions for excitation energies of low-lying states in 10Li.
Ref. Excitation energy (MeV)
2− 1+ 1− 2+
[2] 0.0 0.218 1.2 1.4
[3] small 0.0 – 1.16
[4] 1.7 0.0 2.08 0.65
[5] 0.62 0.25 0.05 0.55
Table 2
Results of various experiments for low-lying states of 10Li (Energies and widths 
in MeV).
Year Reaction Er Γ  Ref.
1997 10Be(12C, 12N) 0.24(4) 0.10(7) [10]
1999 9Be(9Be, 8B) 0.50(6) 0.40(6) [8]
1999 fragmentation <0.05 s [9]
2001 p removal from 11Be g.s. is s [11]
2003 9Li(d, p) 0.35(11) <0.32 [7]
or <0.2 –
plus 0.77(24) <0.62
2006 9Li(d, p) ∼0 s [12]
∼0.38 ∼0.2 p
2015 2p removal from 12B 0.11(4) 0.2 [13]
0.50(10) 0.8 both p
properties clearly correspond to a mixture of a component with 
two neutrons in the sd shell, in addition to the normal p-shell 
structure. Estimates of the (sd)2 component have varied widely, as 
have the estimates of the d2/s2 ratio. The history is summarized 
elsewhere [15]. The fact that different conﬁgurations produce dif-
ferent calculated matter radii has been frequently used to estimate 
the conﬁguration admixtures for the last two neutrons. The total 
reaction cross section is primarily sensitive to the s2 component 
because of the large radius of the 2s orbital. Earlier, Sherr and 
I computed Rm for 11Li for the relevant pure conﬁgurations, and under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Results of a recent experiment for the reaction 11Li(p, d)10Li [14].
Er (MeV) Γ (MeV)  S
0.62(4) 0.33(7) 1 0.67(12)
Table 4
Consequences for orbital occupancies in 11Li for various assumptions.
Assumption P (p shell) P ((sd)2) P (s2) P (d2)c,d
1+ only 0.89(16) 0.11(16) 0.09(12)c 0.024(35)
2+ only 0.54(10) 0.46(10) 0.36(8)c 0.10(2)
Both 0.34(6) 0.66(6) 0.51(5)c 0.15(2)
Previousa 0.56(6) 0.44(6) 0.34(5)c 0.097(13)
0.58(4) 0.42(4)c 0.33+0.03−0.05 0.093(11)
Shulgina, et al.b 0.57 – 0.37 –e
a Refs. [15] and [17].
b Ref. [18].
c Assuming d2/s2 = 0.22/0.78.
d Another experiment reported P (d2) = 0.11(2) [19].
e Also includes 7% J > 0.
compared calculated values with several experimental matter radii. 
That analysis [15] gave P (s2) = 0.33(6) if only s2 and p-shell com-
ponents are present, and P ((sd)2) = 0.44(6), P (s2) = 0.34(5) if all 
three orbitals are included (with d2/s2 = 0.22/0.78 from our shell-
model calculation). After new data appeared [16], a later analysis 
[17] gave P (s2) = 0.33+0.03−0.05. This is only slightly smaller than an 
earlier result of P (s2) = 0.37 obtained in a global ﬁt to all existing 
experimental data [18].
If the absolute spectroscopic factors can be measured in neu-
tron pickup from 11Li, the g.s. admixture of p shell and (sd)2 in 
the latter can be determined, because the 1+ and 2+ states can be 
populated only from the p-shell component. Results of the recent 
experiment [14] are listed in Table 3. In any pure p-shell shell-
model calculation for 10,11Li, the sum of S’s for p1/2 pickup to all 
1+ ﬁnal states is 0.75, and for 2+ the sum is 1.25. Most of this 
strength will reside in the lowest two states, but a small amount 
will be spread in higher levels. However, p3/2 pickup can also con-
tribute to these transitions, and a small amount will reside in the 
lowest states. Because the experiment could not distinguish p3/2
from p1/2, it seems reasonable, for present purposes, to assume S’s 
of 0.75 and 1.25 for the total pickup strength (p1/2 + p3/2) to the 
lowest 1+ and 2+ states, respectively. Reasonable changes in these 
values will not affect the present analysis. I note that Ref. [14] (in-
correctly) assumed 1+ and 2+ S’s were both unity, rather than 0.75 
and 1.25 as here.
As mentioned by the authors [14], it is not clear whether they 
observed the 1+, or the 2+, or both. Because the predicted ener-
gies [2–5] are only 0.65–1.2 MeV apart, they both would have been 
in the acceptance of the experiment, and they observed only one 
peak. Their average resolution width was reported to be 0.73 MeV 
(full width at half maximum), so they should have observed two 
peaks if the states were as far apart as predicted [14]. For a p-wave 
resonance at 0.62(4) MeV, the single-particle width computed for 
9Li + n in a Woods–Saxon potential with r0, a = 1.26, 0.60 fm is 
555(55) keV. So, if the experiment populated only one state, its 
spectroscopic factor (S = Γexp/Γsp) for 10Li to 9Li+ n is 0.60(14)—
not an unreasonable number. If both 1+ and 2+ states were popu-lated, and the experimental peak contains the sum of the two, the 
extracted width has nothing to do with the width of either state. 
Of course, then a reasonable conclusion is that both widths are 
less than 0.33 MeV, as is their separation. The experimental total 
width [14] is about 1.0(1) MeV (FWHM), with an average resolu-
tion width of 0.73 MeV.
Consequences for orbital occupations from this new experiment 
are listed in Table 4, along with results of our earlier analyses 
[15,17]. The ﬁrst three rows refer only to the results of Ref. [14], 
but with my d2/s2 ratio. These scenarios were considered by 
Ref. [14], but they assumed 1+ and 2+ S’s were both unity, rather 
than 0.75 and 1.25 as here. The procedures for obtaining the re-
sults in the last three rows are described earlier in this Letter. It 
can be noted that assumption of 2+ only leads to conclusions that 
are in excellent agreement with previous work [15,17,18]. The as-
sumption of 1+ only or population of both states with anything 
near the expected strengths gives no agreement, and also disagrees 
with an earlier estimate [19] of the d2 occupancy. My d2/s2 ratio 
agrees with this d2 occupancy, but small changes in the ratio do 
not affect the analysis because the ratio is known to be small. The 
assumption that both resonances were populated produces a value 
of P (s2) that differs from the result of my recent analysis [17] by 
3.1σ .
If the (p, d) experiment is observing only the 2+ state, the 
question of the location of the 1+ state arises. All calculations 
would have it below the 2+ . If it is signiﬁcantly below, it would 
be quite narrow, and it might be in a region of lower experimen-
tal eﬃciency. It might also be too spread out to observe because of 
the experimental resolution, and it might be diﬃcult to distinguish 
from background. Furthermore, the 1+ should be only about 3/5 as 
strong as the 2+. For example, if it is at Er = 0.24(4) MeV, as sug-
gested by the compilation, the sp width is only about 150 keV. 
A 2+ state at about (or just above) 0.6 MeV and a 1+ at very low 
energy would be consistent with one of the analyses of one of the 
9Li(d, p) experiments [7]. Clearly, these are important experiments, 
but the results produce serious questions that should spur further 
experiments.
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